Abstract. Dam related issues have become preoccupying, with raising concerns about detrimental environmental impacts and sedimentation in reservoirs. Reduction of the Ayu-fish production is due to increasing turbidity and decreasing coarse sediment supply by dams in the Tenryu River, Japan. The paper summarizes various case studies on excavated sediment supply in Japan and a case of numerical study to evaluate the effect of the supplied sediment on the spawning redds of Ayu-fish in the Tenryu River. Results of numerical simulations show that under the present management scheme of non-supplied sediment from the upstream dams, suitable spawning redds are formed on sandbars at the confluence instead of riffles. However, field surveys indicate that riffles with newly deposited sediment are more suitable for fish spawning.
Sediment management techniques in Japanese reservoirs
In Japan, there are more than 2700 operating dams, more than 15 m in height with median age of 61 years. Among them, 900 dams have reservoir volumes larger than 1.0 Mm 3 . The aging of dams and continuous loss of water storage capacity due to sedimentation, coupled with increasing environmental needs, will cause growing concerns on several fronts: social, economic, and environmental [1, 2, 3, 4] . Japan is a world leader in the number of implemented sediment management techniques by flushing, sluicing, dredging/excavating, and bypassing. Figure 1 classifies the range of techniques that have been implemented in 900 Japanese reservoirs. Supplying the excavated sediment is the most dominant technique to recover reservoir function and restore the river ecosystem [5] .
Excavated/dredged sediment supply projects in Japan
The technique consist in excavating or dredging sediments and placing them just below the dam or distributing them at various locations along the river banks. Then, the supplied sediments are transported (eroded and deposited) along the riverbed by natural or artificial flushing flow. This method is win-win for recovering original functions of reservoir and restoring original natural riverbed state. However, in order to sustain the downstream ecological functionality, we must design optimal sediment volumes and grain size distribution, as they are recognized as key factors for a successful management to create and maintain physical habitats, aquatic and riparian ecosystems [6] .
Fig. 1. Classification of sediment management techniques for storage reservoirs in Japan
In Japan, every year, limited sediment volumes are excavated and supplied below more than 27 dams ( Figure 2 ). Detailed monitoring of pre-and post-sediment supply are carried out to analysis the impact of such technique on riverbed formation, riverbed materials, benthic organisms, and algae. As sediment supplied projects have different configurations of flow and sediment characteristics, some of these projects had positive impacts when supplied sediments are washed during high flows. On the other hands, some cases induced undesirable morphological and ecological consequences as well as significant channel adjustments that result in failure of the restoration project itself.
The following subsections introduce historical analysis for some of the ongoing sediment supply projects in Japanese rivers and reservoirs. A number of cases are presented covering the basic ideas of setting the necessary quantity of sediment downstream of dams to preserve the environment. Two dimensional numerical modelling in Ternyu River is presented with comparison with the field investigations.
Volumes of supplied sediment below dams in Japan
Designers of added dredged sediment projects are faced with challenges of estimating the necessary sediment volume and grain size distribution. In case of sediment management, it is necessary to find out appropriate combination of flushing flow and sediment supply which can meet demands of various river functions. Figure 2(a) shows the volumes ratio of supplied sediment for representative cases from Japan. The figure depicts that the percentage of supplied sediments volumes are very limited ranging between 0.1 to 10 % of annual volumes of reservoir sedimentations. Figure 2(b) describes the condition of the downstream river as a function of supplied sediment volume and flushing flow discharges [7] . The conceptual figure shows that, the downstream river condition can be recovered from point 2 to point 3 by supplying an optimal sediment volume below dam. Moreover, combining the optimal sediment supply with flushing flow will enhance the downstream conditions by shifting from point 2 to point 4 and then point 5 ( Fig. 2(b) ). However, excess sediment supply will cause a negative impact on river conditions by shifting the condition from points 3 or 5 to point 6. 
Challenges of sediment supply in the Tenryu River
The spawning redds of Ayu-fish, a representative fish in the Tenryu River, are focussed on for ecological evaluation of riverbed environment under present and assumed conditions of sediment supply through field surveys and 2D numerical simulations. The main purpose is to investigate the effects of increasing sediment supply and to determine the appropriate Point bar Stockpile sediment management strategy. Generally Ayu-fish is known to spawn in riffles where the water is shallow and fast flowing. In the Tenryu River, however, Ayu-fish spawns at depths exceeding 1.0 m due to the deteriorating environment in the riffles [11] . Ayu-fish hide their eggs below the top layer of sand and gravel to protect them predation by other fishes [12] . The riverbed must be easy for Ayu-fish to dig, and the top layer of sand and gravel should have some gaps. Consequently, the riverbed environment is important when assessing the spawning redds of Ayu-fish. Although deep water is currently used for the spawning redds in the Tenryu River, once the riverbed environment is improved, Ayu-fish are expected to spawn in the shallow riffles with soft riverbeds composed of gravel being optimal for their spawning site.
Field surveys
The target study basin is the Tenryu River, which is located at the west of Shizuoka Prefecture, Japan. [8] . However, suitable methods to predict the influence of supplying sediment to the river environment and rejuvenating the natural environment have yet to be established.
Riverbed survey
Field surveys on the riverbed environment were conducted in the lower reaches below Funagira dam in the Tenryu River (Fig. 4(a) . Eight survey sites were established between the mouth of the river and approximately 20 km upstream, where Ayu-fish spawn their eggs. The river bed materials were collected in the top layer, the grain size distribution was measured, and resulted in the diameters with fairly uniform (Fig. 4(b) ). The riverbed softness was measured by the cone penetration test using special devise composed of penetration cone, falling weight and scale. The riverbed softness is representative indicator of habitat suitability for spawning redds that defined by the penetration depth at a given number of blows through the falling weight. The results showed that the riffles of lower reaches at point 304 had the softest riverbed (Fig. 4(c) ). The presence of Ayu-fish eggs was surveyed in November after the spawning season. Eggs were found in the section closest to the sea (approximately 3.4 km from the river mouth), which was a soft riverbed in strata lower than 20 cm from the river bottom ( Fig. 4c: egg's bed).
Monitoring of riverbed and hearing from fisheries cooperative
The riverbed softness was higher upstream of a riffle at point 304 probably because riffle was newly created at the heavy runoff. In the Tenryu River high discharges exceeding 4,000 m 3 /s results in the sediment settlement in a mound shape upstream of a riffle. As the water level recedes, the gravel is gradually washed to downstream of the riffle, resulting in the riverbed with high riverbed softness [13] . Therefore, high discharge event is required for keeping up the soft riverbed in the riffle. The fisheries cooperative of the Tenryu River has monitored the annual changes in the Ayu-fish population by collecting the larvae of the fish drifting downstream just after hatching to the ocean at intervals of approximately 5 days from October to January every year [14] . Based on the monitoring data the number of drifting larvae in 2007 was remarkably high, and had declined rapidly in 2008 and 2009. The correlation between the maximum discharge from July to September and the number of drifting larvae is shown in Figure 4(d) . This relationship is agreed well with the relations of total riverbed changes to the annual maximum discharge in the Tenryu River (Fig. 4(e) ). Combining the results, it is concluded that the larger the flow rate, the more the riverbed changes creating the suitable spawning redds in riffles and leading to the higher reproductive success of Ayu-fish.
Numerical modelling

Description of the model
We employed the CCHE2D model [15] , developed by the University of Mississippi, to simulate riverbed changes. CCHE2D is a depth-integrated 2D hydrodynamic and sediment transport model based on a variant of the finite element method. The model is used to predict river flow patterns and related bed and/or bank erosion for both uniform and non-uniform sediment transport. Numerical simulations have been performed to calibrate and validate different mesh sizes and model parameters ( Depth-Integrated Mixing Length Model is utilized of 0.1 m. The sediment transport capacity, and the movable roughness are determined by Wu's [16] empirical formulas. The computed flow velocity were compared to measurements at the Hamakita Bridge (18.40 km) and Kasasagi Bridge (13.20 km) (Refer to Fig. 4(a) ). The field measurements were made with a propeller flow velocity meter placed 0.5 m below the water surface. Figure 5 shows the computed and the measured velocities at Kasasagi Bridge (13.20 km from the estuary). where no sediment is supplied (Case 1, Fig. 7(a) ), the riverbed changes significantly due to the upstream boundary conditions. A comparison of simulated changes in bed elevation with and without gravel supply is presented in Figure 8 (a). In the current river management scheme, potential spawning redds are found at a confluence of a tributary and the main stream (Fig. 7(c) ). When gravel is supplied from upstream (Case 5), one high flow of 6,000 m 3 /s (Fig. 8(c) ) transport the gravel only about 2 km downstream, indicating that a long period of high discharges are necessary to supply gravel to spawning redds. The flow width become smaller due to sand deposition with different changes in bed elevation as shown in Fig. 9(a) . A comparison of the simulated scenarios the median grain
size (D50) at sandbars is larger in the Case as shown in Figure 9 (b). A comparison of simulated changes in bed elevations in case of no sediment supply ( Fig. 7(a) ), no variation in bed changes at the main stream. However, relatively large variations are noticed at the side channel. In other scenarios, there is the same trend, and it can be said that the first riffle trap most of sediment deposition and at the side channel there are more gravel deposition indicate that river bed softness is high.
Conclusions
The effects of sediment supplies on the spawning environment for Ayu-fish were investigated via a review of past field studies at the Tenryu River. Newly formed riffles with gravel substrates were evaluated to be suitable for Ayu-fish spawning redds. Investigations to predict potential spawning areas using two-dimensional numerical modelling revealed that under the present management scheme of not supplying sediment from the upstream dam, suitable spawning redds would be formed not on riffles in the main channel, but on riffles in the secondary channel at the confluence with the main channel. Future projects include simulations to determine the impact of sediment supply conditions (i.e., location, quantity, etc.) on the number of soft riverbeds. Additionally, a more detailed investigation on the relationships between the formation of water channels on sandbanks and riverbed softness, which were investigated herein, will offer insight on the formation of Ayu-fish spawning redds due to the sediment supply and flow rate during floods.
